
2. DRAG AND THERMAL EXCHANGE COEF­
FICIENTS
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whore:~ _ 10m. '" is the roughness length. and

from Ihe Ka050.eXper;ment (Bu,lnger" aI., 1971),
Jlmosph.ric Obukhov lengtb seale L. i' doflned by
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where 4>", <PH. 4>, are .imilarity functions; Il. is the at­
mo.pheric friction ,-oJ""ity; ~ is "on Karman const.nt;
T• • nd q" the atmospheric ,~rface i.}'er temperalure .nd
humidity ",.Ies, represenl the ..".ihl. and latent heat
nuxe••cros, the ocean ,urf..e (upward pooiti"O).

Qs. - p,cpo"u,T,. Qc. - p,L,J<u,q, (2)

where P.. <;- 4 are .urfac••ir density (oharaoteri'lic
,·.luo), <poemc heat of air, and latent heat of
,·aporization. For. ncar-neutral atmospheric surface
layer (sm.1l :IL.Il. the drag coemekot i' computed by

From the Mon;n-Obukhov .imilarity theory, the
momentum. heat, and moisture nux., from the air_oreao
interface arc directly related to tho mean profllos of
wind, t<mperature, and mixing ratio:

oU. u_ ,
T -"iii'" <1>,.,.( L)'

•

"motet. The variation of atmospherie .tability parame_
ter in turn chonges the dra8 and thennal e:<chan80
eoeme;"nts. In this ,tudy. a ,impl. 'oupkd eloud_
pr«ipitatton·""".n m",ed layer modei proposed by Chu
et al. (1990) and Chu and Garwood (1991) i. used tu
eompute the time rate ch.nge of drag ~nd therm.1 ex_
ehange coeffICients ,"used by 'hi' mechanism.
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FroM similarity theory. the dr~g ~nd th<rm~1 e,­
change c<><ff.dent' (Cb • CM• • nd Co) for 10m above the
""un ,urface depend on the .tmospheric ,t.bility p.­
,.mcter (:/4) where L. the Obukhov length "'ale for the
atmo,pheric .urface I.yer, Cloud, precipitation. and
""c.n mi,ed I.yer (OML) thermodynamic.1 feedhack
affects the atmospheric 'tability parameter in two ways.
Clouds red""" the incoming solar radiotion It the ""ean
,urfaee by ",auering and absorption, which tools (tela­
tively) the ""ean mi'ed iayer. The OML cooling lowe"
,he sensihle and latent heat nuxes from the ""un sur_
face, which incre..os th" atmosphorie st~bility parome_
ter. On the othor hand. predp;tation from the cloud,
dilutes the ,urface s.linlty, ".bill~ing the upper ""ean,
and redudng OML deepening. The ""ean mixed layer
may be eaused to .h.llow if the downward $urf~ee

buoyancy nux is .umciently enhanced by the predpi­
tat;on. When the """an ,urface ",;ei,·os. downward net
,urf~cc he~t nux, the reduction in the OML depth wili
Increase the sea surfae<: temperature (SSn by concon­
trating the not radiation plu, heat nuxed downward
.<rOM the sea ,urface into a thinner I')'er (Fig.I). The
ineroa.. of SST augments the ..n,ihle .nd latent he.t
nu",. from the ""can surf..e, whith dot"a",s the at_
mospheric Stability parameter. On the other hondo whoo
the ""can ,urf.ee ha. a not. ,urfaco heat los'. the re·
due,ion in ,he OML depth wiil de<;tea", SST due to tho
decrease of tho thermal inertia. The dot"a.e of SST re­
du«. tho sen'ibie .nd latont heat nu.", from the ""ean
surfaco. whieh incro.se. Iho atm<"'ipherie Stobilit~· p.-

l. INTRODUCTION

Fig.1. "'lain phy'ic.1 pr""...... in the tWo adjacent
boundary layers (from ehu 0' .1.. 1990).
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If b:,J4 i' ,mall compared 10 In(t,J:,), lho draB ooeffi­
denl for a non·noutral atm",ph..e is ,ela..d 10 the drag
"""flitien' fOr a neutral .lm"'pho", (C~.•) by

where f, and Td are mean air and ,inual lempor",u"",
In the neUlral aUIl{',phere, :/4 _ 0, ,he drog """ffi.

denl becomes

, '10'CDN - I< [In( -;;;-)] ",

w.lI·mixed turbulrn, bouudary I.}'er which ",ch'ng..
h.at ond moisture with lh. alm",ph.re and emrains
water from deeper ioyer. The h.al and ..linity «<uation,
take the forms

aT, F
h.. a;- - - w,(T, - T_.) - P"'p~ +.AT (120)

h.., ~~ __ w.(S_S_.)+(E_Pr)S+As (12b)

(14)

101

wh.r. oil p.,amOlon on th' rlghlhand.,id••acopl 4 are
ind.pondent of ,urfoo. heal and moi"ur. flua." Ther•.
f",o, the lime ra" or ohango of drog """ffiolen! due In
lh. thange of ,urf~ee h.at and moislure flu~es is influ.
enced only by lh. chongo of L.:-

I ac{) 2bz JO/L; ilL,
CDS a;- - In(:,oI"o) at (7)

Subs'itution or (4) In,o (7) leads to a eapression "pte<.
eming lh. effccl of change uf .urrace heal and moistu",
flux"" 00 'h. lime rale chang. of drag """fliclenl:

wherell. i' the mixed layer dep'h: T... and S... are ,om·
poralure and .oHnlly at the ho.. of ,he ent"i.ment zooe,
£ is the su,face e"aporo,ion rare; Pr I' tho ptccipitarion

rate; A r and A, ore horizonlal .d,-..tion for ,omp'''"'u,"
ond ..tinity, ,especti".iy; .nd

(13)

is th, net heM flua at 'he oir·""..n interface. whet. R,
a.d R, are solar ond boc~ long"'",', rodiation at the
ocean .urf.ce. Tho .ntr.inmenr ".toeity w, i,
paramelerized by Chu and Garwood (lng) .,

• - ;;T.iTC:-i""¥'~I""c:-,,";;;• gh,..[a(T. T.) - il(S - S .n

1'1
The bulk formul.. for the sensibt, and lalenl heat fluxes

",
is ,he surfo.. fo...in~ func,ion; C, .nd C, .... tuning eo­
eflicl'nls~ u,.. _ (pJp.)'''u.. is tho W'l" <urfa« friction
,'<lociry; and

is tho downward ocean ,urfa.. buoy.ncy flu,. The
'ymbol 1\. is • He,,'hid. funclion of P. When P > 0.
there i' ,uffl<i.nt lurbulont ~in<lic .norSY to en<raln and
mix Wa'er from below and 1\. _ I, which repre..n" the
eorr.inmen, regim•. Th. lime rate eh.nge of mixed lay"
d.plh is

( 15)

( 16b)

(16<1)

",B.~ + /lg(P, - £)$
,.~

,
h -L.,.- C,~~.

.. C1B

Chu ond Garwood (I~l) discuss«! ,he effcct of
cloud amount .nd predpltatine perturbations (n', Pr')

on ,he QML dynami". Thr.e paramete" wore fouo<l
Import.nt:

".--_w_w.at • -
Hon: w.• is the mo.n "ortical ,.. I[)City 01 lhe mixed tay.r
ba",. When P ~ O. lh.r. is iflSuflidom turbulenl kinelic
enerllY to entnin wmer from below, ond w, is .. , to be
zero, Le., 1\. _ 0. This j, e.lled the shallowing regime.
The mixed layer deplh is calculaled from P _ O. and it
is diro<lly proporlionai to lhe oce.ni< Obukho" length
scale, L.; .

J¢>,,(oJdtnz

J
",0,74

oP",(O)dln,

l1e'" we a"ume that

wh.... Cn and C, ore lhe 10m Ihennal .xchang. coeffi·
cients. If th' me.n surf... wind .nd oir temperature is
d<lormi.oo mos'ly by the lar~e ... ie atmospheric mo­
rion, ,ubstllu'lo" of (9) into (S) leads ro

I aCn iJr,
Cp.,' a;--Ma;- (10)

Qs - p"cpaC,t,T. - TlOlU., Qc - P.L,Cc[q,(T,) - qlO1U.

('1

where

1 aCD I iJCH I acr.
CD,v a;-'" C H a;-'" Cr. & (II)

If We u,. Td ",T"""T;"'288'K, and U","'5m!, 'he M­
volu.. is roughly .,;limalOd a, .~bO.lJK-'.

J. OCEAN MIXED LAVER DYNMJlCS

M",r models lhat indude lhermodynamic efT""" in·
dude lhe .",urnplion lhat the upper ""eM la)'" OS 0

(J}) us



(J:ij 119

•

(19b)

Substitution of (19•.1» ;nw (10) le.ds 10

I alCn I an' _l PS ,
----" -.If (I - C,jr-+ C,<, -,,-.-~n l
CON 0" at on.

TO/P01.

(204)

Flll,J ,ho,", lhe d.pen<!on"" of I/C""ilCo/iJl on the
cioudine" disturh.nce n' for diffe'ent ,·.iue, uf ~ (0.1.
0.5,0.9,2.5, S,O) at : _ 0.5 mlday. For a he.vy prcoipi_
lallon ca ... i.e" P, - &0, we h.ve B > 0 . Frum (17),
y> I. represents the upward net heal flu, .t Ihe ocean
.urface (ocean losing heal at lbe ,urf.ce); and r <: J, ,0­

presonlS the downward nel heat flu, at the oce'n surf.co
(OCOM g.ining heal al tile ,urfaco), .. ,huwn in Flg.4.
Two dis,inCt effecu of claudine.. dislurbance on lhe lime
rale oh,nge of d,.g tocff~ient were found depending on
different ..Iu.. of y, For y <: I (oce.n ,urfoce Io,ing
heal). the .tmo,pheric .urf.ce 1.y., is de't.l>i1iz.od .nd
lhe drog e""mcient i, incre.sod; howe"er, for y> 1
(,.,e.n ,urfa"" ll.inlng heat), the atmospheric ,urf.ce
I.yer is 't.bilized .nd lhe drag roofrieient is d.....,,uod.

For y _ S.O, .nd n'''0.5" IIC".,.aCDia,,, -0.J6Iday,
which me.ns lhatlhe drai o,.,moionl CD will be roduoed
by 36~. during I day.

Co, C" C

for the entr.inmenl regime, .nd

Flg,2. Foodl>.ok loop amonli cloud, p,«ipitation, OML,
.nd lhe drag and 'herm.l exeh.nge ~oemdent',

I aco pS
----"M(l-y)---=-~n' (20b)
COli a, .It.".

Ihe SST equ.tion for Ihe 'h.lIowini regime i.

a1', ps
--"(l-YJ--=-~n'a, .h.

for the ,b.llowing regime.
In determining tbe cbange of lhe dug C,.,mdenl,

two poe,mete" ~. "I are orucial whon OML i, in the
shallowing regime; howe'..r, ~. r a,e imponant when
OM L is in entr.inment regime. in the following, we only
present the ,..ullS for the sh.llowing regime.

/leS(" - E),
I'"

,-, • iJPr," .

.1.. (.1.. + ,;:I)T" _a, or •

_ (I _ C,)r iJ,,' + cl,-'(r _ fJ! ()II' (18"1
ijt ' d~

Fig.2 sho",,, the f..,dhac~ ioop amoni cloud, pr""ipi_
tation, OML, and the drag .nd thermal exchange _m­
el.nu (Co, CE, CN)' Cloud .nd preeipitalion eh.nges lhe
surf.ee huoy.ncy nu" whi<h in tum changes SST
throuSh the v.ri'lion of both ,urface net hoat flux .nd
the OML deplh. The SST variation change, lhe ,urf.ce
",nsibl. and latenl heat fluxes. which c.use< the modifl·
c.tion of the drag .nd lhcrm.loxch.ns. c,.,mcitnl$.

For. ,.. ry h"VY lransienl precipil.tion. ,uch a,
Pr > O.lmldoy.

_I 1 Jl '_
'r • -p.,c,.Jiw ar, 2y"'r

_1 r 1t,. _ "'-
p.I',..J<.AT 18 day

for r"" I00 IVm", h."'W m, and ",red'K. H".., 'T is the
residenco lime for SST perturbation.•nd r, is tho time
n.ed.d for OML w.nnini up to the d«per w.ter t.m·
perature by F.

, -
o1', an' _1 ps ,
--"'-(I-C,jr-.--Cl '< -.-(n (19a)a,' 01 .h.

.nd for ,he 'hal1owini regime is

aT, /IS
"""'Fr'""" - [ - ¥f + (l - y) cd;., On' (186)

where r is lhe cloud·radiative fordng at lh. ocean 'Uf_
f.e<; ~ is lhe cloud.precipitation parameter, representil1i
precipitation brough'"O by unit tloud amount; and r is
,he ,urface 10'''' hudge' ind.~ reprcsenlinll lh. relative
import.nce of .urface fre.hwal.r influx in 'he !u,face
buoy.ncy flux.

Lel u, con,ider the effe<1 of cloud .nd prtc;pitot;on
~rlurb.t;on on SST for lbe 1100 different OMI.. regimes.
After m.lhematical manipulation, the SST p<Ttu,b.tion
caused by c1oudin.., disturbance for the entrainmenl
,calm. is

where

,,·h.n the time ,cale for the precipitalion i$ much shoner
th.n 'r . tht SST <qu.tion for Ihe entrainment regime
~,ome,

4. CHANGE OF DRAG COEFFICIENT DUE TO
HEAVY PRECIPITATION
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FilS. 0e;>etIdmc:e or lJC,.K.J~I:IIltile cIoadin<51 dit­
lur!>ua It' for 7"~.o (~U Iliniq Mill••.n<l1Or. CI)
{ .. O.oI_fdaJl. (It) { .. 0.0""",,",. (e) ( .. O.l-J"'-v. (d)
O.23mJdaJI,'.n<l (e) O.5m/Jq.

5. DISCUSSION
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(Ij In tbiJ "udy, • n... thCllllOdyaom", f<'Cdl>oet
.....hnism 'llIOIIJ ek>ud. preeiplulion. IDd OML is
(OIInd importlnl roc dtlerminill, lh~ d... coerr.,ienL
This "'""""'" slIould bo consJdm'd supplemem,,1 10 Ibe
usually dom""li., r"elOfl 0( lurface rou,h.... on Ibe
neulr.1 drq cocfl",c;e.t.

(Il) Heavy precipilalion IrrfoCll Ihe drai "",fI"Ident
i,e"c:ll, especially for. worm ocean .urfac~ (i.~", ocean
I",ini heal the a'm(l!;phere), The drai coefficienl con in­
Cru,e 20·)0';;' wi,hin I doy.

(c) It ;. oOlItic purpose of lhil first ltudy to
par.melerize 'he dr~ cocfl'lcient in de,.ii. In 'he fu'ure.
we will u.. mn... oophiltlcllt<l Ilrge oddy .im"l.tion
(LESI model for both IllDOSpbere Ind _10 '0 do fur.
th.... resu",b.

ld) Similor to tlte drill cocff\cient. the therm.1 "".
ch...,e cocff6en", C• • ft(! C, .... lbel Irrccte<l by Ibis
cJol>d·pre<ipi""ion· OML ff/CdbKk """'b.nis",.
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~ .,
-1<
-jJ .,
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Fie·3. Oq>tlldtllCC <Jl1/C.,.ac.Jl' 011 tIN: clDudillo:ss dis­
turbo ..... ,., tor differen. valun of r { 0.1. o.S. 0.', 2.3,>.0,.

•.l-~-~~~~,
.............., &..

w'

Tbe ,u,pt'nd= of lb. time rat. chlllie of Ib" drll
"",fl\cltnt 011 It' for r,,-. di(faen, val .... of ~ Is silo"", in
FIa·4 for r '" 0.1 and in Fig.' r", , '" '.0. Tile
cloud'jlrtCip;,",io!l-OMl efT.." on the d.lll rodl\cienl
sl,en,lhen. IS (lncru,", If the precipitltion r.te from
• sc'"C,e StOrm", 0.125 miday••nd du,illJl,he Storm the
doudiMSS only ch.n~t$ 25'10, lh" cloud· precipitation"
ooujllin. <oem.ic"! ~",O.Sml<4ly. For ~ '" 0,) (otesn
lurfa.e losin, hoat) and { ..O.Smjdtl)'.
IIC~colal",o,ol - O.I/<4Iy, whkh me.ns Ih.llhc dtiS
_me;"nl Incn:l$e$ 1-10% durini IdlY (fi,.4). Fo.
~ '" S.O (oce.n ,",fau ilinin. neat) Illd ~=tO.5mIda;y.

llc~~a,,,, -O.2/duy, fOf ,,':>(l.B, which IMlnS thll
lhe dr., coo:rr"'l~' d«:rnseo .round 20% dun", Idly
(Fia.S).

.-.
,,'.~-~--~~~--,

••• 1.1 ... I.' ... 1.1

,;

F\I.4. Dopend~« of l/C",.ilC,,/c/ oa th~ ~lo<IdlllClll dil·
turb.ace n' for 1- 0.1 (ocun l"'iIti he,'), Ind roc: (Ij
(_ o.olmjd.2y. (b) (_ O.O~mld.2y ,(c) (_ O.lmldiZy. (d)
0.23mld.2y, and (ej O.3mldny.
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